Submerged aquatic vegetation (SAV) cover has declined in brackish lakes in the southern Everglades characterized by low water transparencies, emphasizing the need to evaluate the suitability of the aquatic medium for SAV growth and to identify the light attenuating components that contribute most to light attenuation. Underwater attenuation of downwards irradiance of photosynthetically active radiation (PAR) was determined over a three year period at 42 sites in shallow (< 2m depth) mangrove-surrounded lakes in two sub-estuaries in the coastal Everglades, Florida USA. Turbidity, chromophoric dissolved organic matter (CDOM), and phytoplankton chlorophyll a (chl a) were measured concurrently and their respective contributions to the light attenuation rate were estimated. Light transmission to the benthos relative to literature estimates of minimum requirements for SAV growth indicated that the underwater light environment was often unsuitable for SAV. Light attenuation rates (n = 417) corrected for solar elevation angles ranged from 0.16 m -1 to 9.83 m -1 with a mean of 1.73 m -1 .
Introduction
Ecosystem managers have been seeking to restore freshwater flow to the Florida Everglades and increase submerged aquatic vegetation (SAV) coverage and associated fish and waterfowl densities in the coastal mangrove estuaries (USACE 1999) . SAV loss observed during concentrations of light-scattering and light-absorbing constituents in the water column such as suspended sediment, phytoplankton or organic matter. This strategy requires determination of the light attenuation coefficient adjusted for solar elevation angle [Kt (adj)], and identification of the constituents that contribute most to the light attenuation rate. The downwelling light attenuation coefficient for PAR is judged to be the best single parameter by which light availability may be compared among different water bodies (Smith 1968) .
The light attenuation coefficient, K0, is an apparent optical property that is affected by the solar elevation angle, the relative amounts of diffuse versus direct beam radiation (e.g., cloudiness), and the amounts and character of light-scattering and light-absorbing constituents in the water column (Kirk 1994) . Ideally, all of the factors influencing K0 should be measured for the most complete and accurate determination of light attenuation specific to local water column characteristics. In practice, some of these factors are not often measured in the field and therefore these deficiencies must be considered when evaluating light attenuation rate determinations (McPherson and Miller 1994) . Inherent optical properties are affected only by light-scattering and light-absorbing constituents in the water column (Kirk 1994) ; therefore, it is beneficial to adjust or make corrections to K0 by subtracting the effects that contribute only to apparent light attenuation (e.g., solar elevation angle) so that the effects of water column parameters on light attenuation can be more accurately determined. A light attenuation component model can be used to express the adjusted light attenuation coefficient, Kt (adj), as the sum of partial light attenuation coefficients that correspond to a specific water column constituent (Kirk 1994) . The relative contributions of water column constituents can then be determined. Each partial coefficient is estimated by the product of the constituent concentration and a specific light attenuation coefficient for that constituent (Kirk 1994) . Specific light attenuation coefficients can to inaccessibility) are located between the two sub-estuaries but connections between these and the surrounding lakes were not found. Water depths are < 2 m. Large differences in water quality exist between the two sub-estuaries, with higher phytoplankton abundances and lower underwater light availabilities in the Alligator sub-estuary (Frankovich et al. 2011) . SAV communities consisting of the green alga Chara hornemannii in the upstream lakes and the seagrass Halodule wrightii in the McCormick sub-estuary and Garfield Bight are organized along salinity and light availability gradients (Frankovich et al. 2011; 2012) .
Measured parameters
Downwards irradiance of photosynthetically active radiation (PAR) was measured just below the water surface and at 25 cm below the upper measurement in order to calculate the downwelling light attenuation coefficient (K0) at 42 sites ( Fig. 1) at varying temporal frequencies ranging from 0.6 -7.6 yr -1 (mean = 3.0 yr -1 ) during the period 2/9/2012 through 5/18/2015 (total K0 estimates = 417). PAR measurements were made at both depths simultaneously using two Licor LI-192SA cosine-corrected sensors (flat irradiance collectors) and a Licor LI-1000
datalogger. Cosine-corrected sensors were used, as opposed to spherical scalar irradiance sensors, because inherent optical properties of the water column were compared. K0 was calculated using the Lambert-Beer equation (Kirk, 1994) :
where Iz = PAR irradiance (µE m -2 s -1 ) at depth, I0 = PAR irradiance just below the water surface and z = distance (m) between light sensors. Because light attenuation calculations are affected by the solar elevation angle at the time and latitudinal location of light measurements (Moore and Goodman, 1983; Miller and McPherson, 1995) and because the primary focus of this study was relating properties of the aquatic medium to K0, adjustments were made for the effects of solar elevation angle (β). The adjusted light attenuation coefficient, Kt (adj), was calculated using the equations of McPherson and Miller (1994) and Miller and McPherson (1995) : 
sin (β) = sin (γ) sin (κ) + cos (γ) cos (κ) cos (Υ)
where ψ = the angular fraction of the year (degrees); d = Julian date; δ = true solar noon (hours); Υ = the solar hour angle (degrees); τ = Greenwich Mean Time (hours); λ = longitude (degrees); σ = estimate of true longitude of sun (degrees); κ = solar declination (degrees); γ = latitude (degrees); θ = the average zenith angle of the refracted direct solar beam in water; β = solar elevation angle (degrees); K0 = unadjusted light attenuation coefficient; and Kt (adj) = adjusted light attenuation coefficient.
Water depths, measured at each site during all sampling events and the calculated light attenuation coefficients were used in the Lambert-Beer equation to estimate the percent surface light available at the sediment surface. It was assumed that light attenuation in the top 25 cm of the water column of these shallow lakes was the same as that throughout the entire water column. Because light transmission to the sediment surface depends on the inherent properties of the water column and the geometric structure of the light fields that pervade it (Kirk 1994), the mean effect of sun angle was included in these calculations. The unadjusted light attenuation coefficient, K0, which does account for sun angle effects, was not used in these calculations because of site bias in K0 calculations resulting from non-random differences in the time of day that each site was sampled (i.e., specific sites were routinely sampled at different times of the day based upon travel distances). Instead, the mean effect of sun angle on the light attenuation coefficient was determined from across all sampled sites and times (+13%, see Results) and was applied to the adjusted light attenuation coefficients, Kt (adj), to produce more accurate and unbiased estimates of light transmission to the sediment surface.
Turbidity, and water column concentrations of chl a and CDOM were measured from water samples collected at the same time as light measurements. Water samples were kept on ice and refrigerated prior to analyses. Turbidity (NTU) was measured using a Hach 2100Q Portable turbidimeter. Water samples were shaken to resuspend any settled particulates prior to measurement. Chl a concentrations (µg L -1 ) were determined by filtering water samples (25-mm glass fiber GFF filters, pore size = 0.7 µm) and extracting the pigment from the filter using 90%
acetone. Extracts were analyzed for chl a using a Shimadzu RF-Mini 150 fluorometer equipped with low (10 nm) half-bandwith filters (excitation = 439 nm, emission = 671 nm) to maximize sensitivity to chl a and minimize interference from pheophytin a (Welschmeyer, 1994) . The fluorometer was calibrated with a chl a standard (Sigma-Aldrich) whose concentration was established using a Shimadzu UV-1601 spectrophotometer and the spectrophotometric equations of Jeffrey and Humphrey (1975) . CDOM concentrations (QSU) were determined from filtered prepared in 0.1N H2SO4 (Clark et al., 2002) .
Estimating constituent contributions to light attenuation
Univariate relationships between Kt (adj), turbidity, chl a, and CDOM were analyzed using Pearson correlation (SPSS vers. 23) . The contributions of turbidity, chl a, and CDOM to vertical light attenuation were estimated using a model that equates the light attenuation coefficient, Kt (adj), to the sum of partial attenuation coefficients determined for each component (Kirk, 1994; Christian and Sheng, 2003, Kelble et al. 2005) :
where Ksw = partial attenuation coefficient for seawater; Kturb = partial attenuation coefficient for turbidity; Kchl = partial attenuation coefficient for chl a; and KCDOM = partial attenuation coefficient for CDOM. The partial attenuation coefficients for each component are assumed to be linear functions of the concentration of that component and may be expressed as the products of the measured concentrations/amounts of the light attenuation contributing components (cx) and the specific light attenuation coefficients (lower case "k") for each component (McPherson and Miller, 1994; Kelble et al. 2005) :
where the values inside the parentheses are the measured concentrations/amounts of the light attenuation contributing components; kturb = specific attenuation coefficient for turbidity; kchl = specific attenuation coefficient for chl a; and kCDOM = specific attenuation coefficient for CDOM.
Ksw is not decomposed into a specific attenuation coefficient (kw) and concentration because the against turbidity, chl a, and CDOM to produce statistically-determined specific attenuation coefficients that may be specific for water quality characteristics in the study area. The percent contributions of turbidity, chl a, and CDOM were estimated from the recalculated partial attenuation coefficients and compared with the estimates produced using published specific attenuation coefficients.
Spatial differences between sub-estuaries and seasonal differences in Kt (adj), water depth, percent light at bottom, turbidity, chl a, CDOM, and partial light attenuation coefficients were examined by comparison of box plots summarizing the descriptive statistics of site means for each parameter. To compare seasonal differences, high and low water level time periods (July -December, January -June, respectively) corresponding to observed seasonal variation in water levels in the region (Frankovich et al. 2012; Wingard and Lorenz 2014) were assigned to sampling events. Differences in measured and calculated parameters between sub-estuaries were tested using site means and the Mann-Whitney test (SPSS vers. 23, Zar 1999) . Differences between high and low water level time periods were analyzed using the Wilcoxon signed-rank test that tests for deviation from zero of the median of within-site differences (SPSS vers. 23, Zar 1999) .
Results
Using the equations to correct for variations of solar elevation angle (Miller and McPherson, 1995) in the Alligator sub-estuary (Table 1) .
Temporal within-site variations in the light attenuation coefficient [Kt (adj)], water depth, percent light at bottom, turbidity, CDOM, and chl a were evident in the study area ( Fig respectively. Mean water depths in both sub-estuaries were about 10-15 cm higher than during the high water level season than the low water level season (P < 0.001, Wilcoxon signed-rank tests) (Fig. 4b) . The percent light reaching the bottom was higher during the low water level season in both sub-estuaries (P ≤ 0.001, Wilcoxon signed-rank tests) (Fig. 4c) . The high and low water level seasonal means of the percent light at bottom were 34% and 46%, respectively, in the McCormick sub-estuary, and 19% and 23%, respectively, in the Alligator sub-estuary. The increased light transmission during the low water level season was a result of both decreased water levels and decreased light attenuation coefficients (i.e., clearer water) in the McCormick sub-estuary, while in the Alligator sub-estuary; the increased light transmission was due only to decreased water levels. Turbidity was higher during the low water level season in the Alligator sub-estuary (P < 0.001, Wilcoxon signed-rank test) but not in the McCormick sub-estuary (P > 0.05, Wilcoxon signed-rank test) (Fig. 4d) . The seasonal means of turbidity in the Alligator subestuary were 14.0 NTU and 19.8 NTU during the high and low water periods, respectively.
CDOM and chl a in both sub-estuaries were higher during the high water level season (P ≤ 0.014, Wilcoxon signed-rank tests) ( Fig. 4e-f ). The high and low water level seasonal means of CDOM were 111 QSU and 83 QSU during the high and low water periods, respectively, in the McCormick sub-estuary, and 146 QSU and 127QSU during the high and low water periods, respectively, in the Alligator sub-estuary. The high and low water level seasonal means of chl a were 1.9 µg L -1 and 1.1 µg L -1 during the high and low water periods, respectively, in the McCormick sub-estuary, and 13.0 µg L -1 and 11.1 µg L -1 during the high and low water periods, respectively, in the Alligator sub-estuary.
Turbidity, chl a, and CDOM were correlated with Kt (adj) ( Table 2 ), suggesting that these variables contributed to water column light attenuation. The light attenuation component model using the measured water quality parameters and specific light attenuation coefficients obtained from the published literature for water (Lorenzen, 1972) , turbidity (McPherson and Miller, 1994) , CDOM (Kelble et al. 2005 ) and chl a (McPherson and Miller, 1994) predicted light attenuation coefficients with an r 2 = 0.58 and an RMSE = 0.77 m -1 (Fig. 5a ). The RMSE of this model was 8% and 45% of the observed maximum (9.83 m -1 ) and mean (1.73 m -1 ) Kt (adj), respectively. The multiple linear regression relating the measured quantities of turbidity, CDOM, and chl a to observed total light attenuation coefficients, Kt (adj), explained a greater proportion of the variance in Kt (adj) (Fig. 5b) Fig. 6a-b , Table 3 ). Kw contributed only 2-3% to light attenuation in both subestuaries ( Fig. 6a-b , Table 3 ). The relative contributions of Kw and Kchl to light attenuation were little changed between high and low water level seasons in both sub-estuaries ( Fig. 6a-b) . The relative contributions of KCDOM to light attenuation were ca. 10% greater in both sub-estuaries during the high water level season. The relative contributions of Kturb to light attenuation were 8% and 12% higher in the low water level season in the McCormick and Alligator sub-estuaries, respectively.
Discussion
This study's estimates of downwelling light transmission to the benthos of the mangrove lakes and bays relative to literature estimates of SAV minimum requirements of >5-40% of surface PAR at depth (Duarte 1991; Kenworthy and Fonseca 1996; Middelboe and Markager 1997; Manuel et al. 2013) indicate that the underwater light environment of the studied mangrove lakes may often be unsuitable for submerged aquatic vegetation (Table 1 ). 100% and 50% of the study sites experienced ≤40% and ≤5% of surface PAR light transmission to the bottom, respectively, at least once during the study period (Table 1 ). 83% and 12% of the study sites had mean levels of ≤40% and ≤5% of surface PAR light transmission to the bottom, respectively. Though estimates of downwelling light attenuation may be best for comparing inherent optical properties of the water column (Smith 1968), and corrections for sun angle were performed, the use of these estimates to determine light availability for SAV growth does not account for light reflected from sediment surfaces, differences in the amount of diffuse versus direct solar radiation in the atmosphere (e.g., cloudiness) that affect light transmission, differences in SAV architecture (e.g., growth form and canopy height), and the ability of SAV to store photosynthate and survive short-periods of sub-optimal light availability (Lobban and 1994; Alcoverro et al. 2001 ). In addition, the temporal frequency of light attenuation measurements of the present study was insufficient to estimate the duration of sub-optimal light availabilities. For all of these reasons, the estimates of light transmission to the benthos relative to the wide range of reported SAV minimum light requirements should be interpreted with caution. Light availability for both the Chara and Halodule communities in the study area may also be higher than that suggested from downwelling light transmission estimates alone because Chara grows tall in the study area with canopy heights often reaching the water surface and because of exposed light-colored carbonate sediments that reflect light upward in the Halodule communities (unpublished data).
Increasing SAV abundance by increasing light availability beyond estimated minimum SAV requirements may be difficult in these sub-estuaries because of the majority influence of CDOM on vertical light attenuation, a variable insensitive to direct management control. In order to achieve light transmission to the benthos > 40% at 1-m depth, the light attenuation rate must Harbor, and the Indian River Lagoon (Table 3) Chl a contributed only 12% to light attenuation in the Alligator sub-estuary (Table 3) despite high phytoplankton abundance compared to that found in the more open Florida Bay to the immediate south (Fourqurean et al. 1993) . Management reduction of phytoplankton abundance (chl a) through control of nutrient loading of upstream water sources is also an unlikely option to increase light availability because of the already low phosphorous concentrations in the P-limited upstream Everglades (Noe et al. 2001) . A better option would be to increase freshwater flow and therefore decrease the relatively higher nutrient inputs associated with saltwater intrusion and groundwater discharge (Price et al. 2006) , while decreasing phytoplankton populations by increasing cell export and decreasing estuarine residence time.
This study also demonstrates the advantages of correcting calculated light attenuation coefficients for variations of solar elevation angle and of using location-specific statisticallydetermined specific light attenuation coefficients rather than using estimates determined from assumed similar estuaries. Uncorrected K0 estimates were on average 13% higher than those that were corrected for variations in sun angle (Fig. 2) , but overestimates were as high as 47% at times when sun angles were low. The observed overestimate range of <1 -47% is very similar to that reported for nearby Tampa Bay and will bias temporal and spatial comparisons if sun angle corrections are not performed (Miller and McPherson 1995) . Measurements of chl a, CDOM, and turbidity were better fit to adjusted light attenuation coefficients using a multiple regression model to determine the component specific light attenuation coefficients rather than using assumed regionally relevant specific light attenuation coefficients ( The relative importance of changes in salinity and light climate to the historical decline of SAV in the study area is still largely unknown because of the lack of water quality data when SAV loss was first observed in the middle of the 20 th century. Seasonal patterns of Chara abundance in the mangrove lakes are negatively correlated with salinity in the McCormick sub-
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